Abstract Peng-Robinson equation of state is widely used with the classical van der Waals mixing rules to predict vapor liquid equilibria for systems containing hydrocarbons and related compounds. This model requires good values of the binary interaction parameter k ij . In this work, we developed a semi-empirical correlation for k ij partly based on the Huron-Vidal mixing rules. We obtained values for the adjustable parameters of the developed formula for over 60 binary systems and over 10 categories of components. The predictions of the new equation system were slightly better than the constant-k ij model in most cases, except for 10 systems whose predictions were considerably improved with the new correlation.
Introduction
The use of simple equations of state for the calculations of Vapor-Liquid Equilibrium (VLE) is preferred by practicing engineers over the use of more complicated models [1] . Cubic equations of state have gained overwhelming acceptance as a robust and reliable, yet relatively simple, model for predicting VLE of high-pressure systems. Mixing rules are used in conjunction with cubic equations of state for the complete representations of fluid mixtures. These mixing rules require empirically-determined Binary Interaction Parameters (BIPs) to describe the VLE more accurately. The lack of those binary interaction parameters often result in inaccurate VLE predictions.
The experimental data needed for the generation of BIPs may be difficult or too costly to obtain. Thus, the development of simple models for the prediction of high-pressure VLE with no need for experimental data is an important research objective. Several successful attempts have been made to introduce an equation system based on the combination of a cubic equation of state with appropriate mixing rules to predict the VLE without the need of binary interaction parameters fitted from experimental data.
Peng-Robinson [2] (PR) equation of state is one of the most popular cubic equations of state. It has been used extensively in process simulation tools to model the high-pressure VLE behavior. Among the commonly used mixing rules are Huron-Vidal [3] and Wong-Sandler [4] . Other mixing rules have been successfully used. A review on the available mixing rules is available elsewhere [5] .
The objective of this work is to provide good estimates for binary interaction parameters to be used with the simplest and most widely-used equations system for the prediction of highpressure vapor-liquid equilibrium. Thus, we estimate generalized values of the binary interaction parameters to be used with Peng-Robinson equation of state combined with van der Waals mixing rules. The work was limited to systems of hydrocarbons and related compounds.
The novelty of this work lies in the development of a general correlation for the binary interaction parameter of van der Waals mixing rules and the generation of the values of the adjustable parameters of the developed correlation that can be used to predict, with good accuracy, the vapor-liquid equilibrium of the studied systems.
The remainder of this paper is organized as follows. The next section introduces the Huron-Vidal and the van der Waals mixing rules as applied to the Peng-Robinson equation of state. The following section introduces the semi-empirical correlation that is developed in this work. Next, the methodology used to fit the experimental data and verify the correlation is presented. The following section presents the results of the work, discusses its significance and gives examples of the application of the newly-developed correlation to ternary systems. The last section ends with this work's conclusions.
Huron-Vidal and van der Waals mixing rules for the PengRobinson equation of state
In this and the following section, we present the theoretical basis for the proposed semi-empirical correlation. The thermodynamic properties and concepts used in this analysis follow the framework used in Orbey and Sandler [5] . The Peng-Robinson equation of state
can be used with the van der Waals mixing rules,
to predict the vapor-liquid equilibrium via the calculation of the fugacity coefficient of the liquid and the vapor phases according to
where B = bP/RT, A = aP/(RT) 2 , and Z = PV/RT. The fugacity coefficient is a measure of the deviation from the ideal-gas mixture behavior and is used in the phase equilibrium equation. The Huron-Vidal mixing rules use a different equation for the a parameter as follows:
where 
Semi-empirical correlation for the binary interaction parameter
Soave and Gamba [6] showed that the van der Waals mixing rules correspond to a special case of the Huron-Vidal mixing rules, when the regular solution description is used to express excess Gibbs at infinite pressure. Excess Gibbs is the difference between Gibbs energy of a mixture and Gibbs energy of an ideal mixture at the same conditions. The equivalency of the two fugacity coefficient equations (Eqs. (4) and (6)) can be used to relate the van der Waals binary interaction parameter, k ij , to the activity coefficient, which accounts for the deviations from ideal behavior of the mixture.
To remove the composition dependence of the activity coefficient, we consider the particular case of component 1 at infinite dilution in component 2 following the derivation of Soave and Gamba [6] . Thus, Eq. (7) becomes
Solving for the binary interaction parameter, k 12 , we get
The activity coefficient can be predicted using a predictive excess Gibbs model such as UNIFAC. For this case, the infinite-dilution activity coefficient can be used instead of the general composition-dependent activity coefficient. A simple way to predict the infinite-dilution activity coefficient is to use the Scatchard-Hildebrand equations [7] for regular solutions, which provides an expression for the infinite-dilution activity coefficient when the liquid volumes are replaced by the co-volumes b. The infinite-dilution activity coefficient at infinite pressure becomes ln c
Instead of using Eq. (10) for the infinite-dilution activity coefficient at infinite pressure, we replace it with a simple empirical correlation that takes into account the effect of temperature. The correlation also accounts for the effect of pressure. The target is to obtain a correlation for the binary interaction parameter that can fit the experimental data with a minimum set of parameters and can be used for similar systems, for which no experimental data is available. Hence, the dependence on pressure will deem this correlation more versatile and useful. The empirical correlation used is ln c
where h 1 , h 2 and h 3 are adjustable parameters. The final correlation for the binary interaction parameter becomes
Note that the above equation allows for unsymmetrical binary interaction parameters, which may be tempting to pursue. The same formula can be used to calculate a different k 21 when the reduced temperature and pressure for the second components are used. However, the use of unsymmetrical binary interaction parameters proved to result in unrealistic prediction of the phase behavior close to the critical point. Thus in this work, k 12 = k 21 was used in the calculations.
Since the resulting correlations contain details about the two components in the system as well as the temperature and pressure, it was expected that the adjustable parameters for similar substances would be similar. The values of the adjustable parameters were obtained for hydrocarbon systems and related compounds. Similar categories of substances were identified and adjustable parameters for those categories were also obtained. These parameters can be reused with similar systems for which no experimental data are available.
Experimental data fitting
Data for hydrocarbon systems and related compounds were obtained from a variety of literature sources . The first column in Table 1 enumerates the systems considered. The second column gives their names. The third and the fourth columns give the number of data sets and the number of data points, respectively.
For comparison, values for the constant binary interaction parameter for the Peng-Robinson equation of state with the classical van der Waals mixing rules were obtained from the database of the AspenPlus software and used to give predictions of the equilibrium at the temperatures of all data sets.
The three adjustable parameters for the binary interaction parameter k ij were adjusted to fit the experimental data for each of the systems mentioned in Table 1 . Bubble point calculations were performed at every experimental liquid composition to calculate the bubble pressure and the vapor composition. The bubble point calculations estimate the pressure at which the first bubble of vapor is formed when reducing the pressure of a liquid mixture and they also estimate the composition of the first bubble formed.
The algorithm for the bubble point calculations at each point consisted of two loops; the function of the inner loop was to change the vapor mole fraction to satisfy the equilibrium relation between the vapor composition and the liquid composition
Broyden's method [52] was used to facilitate the conversion of the inner loop. The function of the outer loop was to change the pressure to satisfy the summation of the vapor mole fraction equation P i y i ¼ 1. A phase stability check was performed according to Michelsen's method [53] for the obtained bubble pressure to ensure that it satisfies the two-phase condition.
A minimum value of the deviation between the experimental points and the model prediction was sought by adjusting the three adjustable parameters to minimize the following objective function: Table 1 Experimental data sets used in this study, the values of the adjustable parameters, the RMSE of the regression using the developed formula and the RMSE of the constant-k approach. 
where is is the index for the experimental data sets and ip is the index for the data points in each data set. In the data fitting procedure, this selected objective function equates the weight of the errors in the prediction of the pressure and the errors in the prediction of the vapor mole fraction so that the predictions would match both the experimental pressure and the experimental vapor composition as close as possible. Minimization was performed using the MATLAB function fmincon, which attempts constrained nonlinear optimization. The algorithm used with the minimization function was the interior-point algorithm. The iterations for minimization stopped when the relative change in all the adjustable parameters were less than 10 À10 . The initial point was usually taken as [0 1 1] for the adjustable-parameters vector. In some cases, the initial value caused convergence problems for the bubble point algorithm. In those cases, minimization was performed on a subset of the experimental data. Once those data points were fitted, the calculated values of the adjustable parameters were used as the initial point for a larger subset of the experimental data. This procedure was repeated until all the experimental data were included in the data fitting procedure.
An easier application of the developed formula would be to use lumped values for the adjustable parameters for categories of components. The formula could lend itself to categorybased application because it already contains information about the critical points of the components. Thus, an attempt was made to obtain lumped values for the adjustable parameters for different categories by fitting the data sets of the liquid-vapor equilibrium of similar components. The above procedure was repeated for entire categories with larger data sets. [54] . The scale of axes is in mole %.
Results and discussion Table 1 shows the values obtained for the three adjustable parameters for each of the system considered. The Root Mean Square Error (RMSE), which is a measure of the differences between values predicted by our model and the experimental value, was calculated from the objective function, OF, according to the formula Table 1 also shows the RMSE for the PR predictions when constant values of the binary interaction parameters were used. The last column in Table 1 entitled 'RMSE of const. k 12 ' lists the RMSE resulting from comparing the predictions of PR equation of state used with a constant-k 12 mixing rule with the experimental data. The systems tested can be divided into three categories as shown in Table 2 . The improvements obtained through the use of the developed formula are clear for the systems listed in the first two columns. When the two components in the systems differ substantially in terms of their size or polarity, the use of a cubic equation of state like Peng-Robinson with the classical mixing rule is usually not preferred. However, with the use of the developed formula, the use of PR and vdW mixing rule can be extended to systems in the first and second columns of Table 2 with significantly improved results.
The lumping of components into categories can lend itself to an easier usage of the developed formula. Regression analysis was performed on different categories of components and the obtained parameters are shown in Table 3 , which shows the systems for which the RMSE value was less than 10%. For systems that belong to other categories such as hydrogen sulfide/light alkanes or nitrogen/light alkanes, it is better to use the adjustable parameters obtained for individual pairs as they will produce better results.
Comparison with constant-k ij predictions
The use of the developed formula considerably improved the prediction of the PR/vdW model for the systems shown in the first column of Table 2 . Figs. 1 and 2 show this improvement graphically. Fig. 1 shows the Pxy vapor-liquid equilibrium diagram for ethane and hydrogen sulfide at 255 and 283 K using the semi-empirical correlation for k ij as compared with the results of the constant-k calculations and with the experimental data. Fig. 2 shows the Pxy equilibrium diagram for methane and toluene at 313 K using the semi-empirical correlation for k ij as compared with the results of the constant-k calculations and with the experimental data.
The improvement in the prediction can also be seen with the systems in the second column of Table 2 . Fig. 3 shows the Pxy vapor-liquid equilibrium diagram for nitrogen and ethane at 172 and 220 K using the semi-empirical correlation for k ij as compared with the results of the constant-k calculations and with the experimental data. On the other hand, the improvement in the prediction for systems in the third column is small yet significant as shown in Fig. 4 , which shows the Pxy vapor-liquid equilibrium diagram for methane and carbon dioxide at 250 and 270 K using the semi-empirical correlation for k ij as compared with the results of the constant-k calculations and with the experimental data.
Extension to ternary systems
The developed formula was used to predict the vapor-liquid equilibrium for ternary systems and compared with experimental data reported in the literature. For meaningful comparisons, the developed model was used to obtain the liquid and vapor composition at equilibrium at a given temperature, pressure and liquid composition of component 1, which is the most volatile component. The experimental and predicted points can then be presented on one ternary diagram. The experimental data in this comparison were not used during regression. Fig. 5 shows the ternary liquid vapor equilibrium diagram for methane, carbon dioxide and propane at 270 K and 55 bar using the semi-empirical correlation for k ij as compared with the results of the constant-k calculations and with the experimental data published be Webster and Kidnay [54] . The predictions of the two models are similar for this system, but this was not always the case. In the system nitrogen-ethanecarbon dioxide, both models failed to provide satisfactory predictions of the experimental data. Fig. 6 shows the ternary liquid vapor equilibrium diagram for nitrogen, carbon dioxide and ethane at 270 K and 60 bar using the semi-empirical correlation for k ij as compared with the results of the constant-k ij calculations and with the experimental data published by Brown et al. [55] . For this system, both model predictions were not close to the experimental data but their predictions were different from one another. Performing the comparison on the same system at different conditions also showed that both models were unable to predict satisfactorily the experimental results. The constant-k ij model did not predict the existence of the two phases within a subset of composition range as compared with the formula developed in this work, which predicted a continuous two-phase region similar to the experimental behavior at 220 K and 8 bar. However, quantitative agreement was not obtained as shown in Fig. 7 .
Conclusions
This work showed that the complexity of a mixing rule can be incorporated into a semi-empirical correlation for the binary interaction parameter for the classical van der Waals mixing rules. The adjustable parameters were obtained for use with the developed formula. The formula predictions were universally better than the constant-k approach when applied to binary systems of hydrocarbons and related compound. Values for the adjustable parameters were also obtained for categories of similar components, which would allow the extension of this work to systems for which no experimental data are available. The application of the developed formula on ternary systems did not show significant improvements over the constant-k ij approach.
